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Abstract— The Nb-Ti hard conductors used in LHC dipole
and quadrupole magnets are Rutherford cables composed of
several tens of strands. During the cabling process, the strands
are severely compacted especially at the thin edge of the cable.
In order to assess, on the whole wire length, the deformation
effect on the transport current of the wires, LHC-type Nb-Ti
superconducting strands of various types were flattened by means
of rollers. The critical current was then measured as a function
of deformation and applied magnetic field at both 4.3 K and 1.9
K. The measurements were performed for both orientations (flat
face perpendicular or parallel to magnetic field). The critical
current density anisotropy of such deformed strands and the
correlation with magnetization effects are discussed. This study
permits to better understand and to quantify the critical current
degradation of few percent observed in strands due to cabling.
Comparisons with wires extracted from Rutherford cables are
presented.
Index Terms— Critical current density, Titanium alloys, Su-
perconducting wires, Deformation.
I. INTRODUCTION
THE conductors used for winding the LHC [1] maindipole and quadrupole magnets are Rutherford-type ca-
bles composed of either 28 or 36 Nb-Ti superconducting
strands [2]. During the cabling process of such conductors,
the multifilamentary strands are severely compacted at cable
edges, especially at the thin edge. As a consequence of this
compaction involving several percent of the cabled strand
length, the wire critical current is typically degraded by a
few percent as measured on extracted wires. In order to
evaluate more precisely and systematically the cabling effect
on the critical current, we flattened a few wires between
rollers along the whole length to simulate the compaction
due to cabling. Obviously the cabling compaction is a more
complex process than flat deformation since it implies a
bending of the strand at the cable edge. Nevertheless, this
deformation approach was recently used by Barzi et al. in
the case of Nb3Sn strands [3]. These authors found a fair
consistency of the filament shape distributions for both cabled
and flat-rolled strands. Concerning Nb-Ti strands, critical
current studies were performed by Best et al. in the late
seventies [4], [5] on deformed wires of the first generation
with only 60 filaments and large filament size. It was therefore
relevant to study the deformation effect on critical current
for modern multifilamentary Nb-Ti conductors composed of
several thousands of filaments, used in LHC magnets. For
this purpose, LHC-type Nb-Ti superconducting strands of two
types were flat rolled with various deformation levels. The
critical current of the deformed samples was then measured
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as a function of applied magnetic field and deformation at
both 4.3 K and 1.9 K. The measurements were performed
Fig. 1. Typical cross section of a deformed wire, sample A, def= 0.58.
for both orientations: with the flat face either perpendicular
or parallel to the applied magnetic field. A strong effect of
the orientation on the critical current density was observed.
Preliminary magnetization studies were performed as well, in
the parallel orientation case. The impact of deformation on
both critical current and magnetization are discussed in this
work.
II. EXPERIMENT DESCRIPTION AND SETUP
We performed critical current measurements on two dif-
ferent wires: A and B, respectively representative of outer
and inner layer cable strands of LHC dipoles. Their main
characteristics are summarized in Table I. Typical critical
current density (Jc) values for the non deformed samples,
calculated on the cross section of the superconductor, are
also indicated in the same table. The wires were deformed
TABLE I
MAIN CHARACTERISTICS OF THE NON DEFORMED SAMPLES
A B
Diameter 0.825 mm 1.066 mm
Cu/Sc ratio 1.92 1.67
Filament number 6400 8800
Filament diameter ∼ 6 µm ∼ 7 µm
typical Jc(1.9 K, 9T) 2260 A/mm2 2290 A/mm2
by flat rolling by means of rollers at three different levels of





where d0 is the original wire diameter and t is the minimum
thickness of the deformed wire. By convention the same
absolute value of deformation with a different sign means only
a different orientation in respect to applied magnetic field. We
speak of perpendicular orientation when the external magnetic
field is perpendicular to the broad face of the deformed wire
then using negative sign for deformation, whereas we call
parallel orientation (and positive deformation) the situation in
which the magnetic field is parallel to the broad face (see Fig.










Fig. 2. Different orientations of the wire in respect to the magnetic field.
a non deformed sample, cut from the same wire spool and ad-
jacent to the deformed samples. Temperatures, magnetic fields
and deformations of the critical current measurements are
summarized in Table II. The details about setup and standard
TABLE II
PERFORMED CRITICAL CURRENT MEASUREMENTS
Wire type deformations temperature magnetic field
A 0,±0.22,±0.45,±0.58 1.9 K 6 to 12 T
4.3 K 3 to 9 T
B 0,±0.25,±0.50,±0.62 1.9 K 8.5 to 12.5 T
4.3 K 5.5 to 10 T
procedures for critical current (Ic) measurements performed
at CERN are described elsewhere [6]. Besides critical current
measurements we performed some preliminary magnetization
measurements. This was done at CERN magnetization test
facility. A detailed description of the experimental setup and
procedures for these measurements can be found in [7], [8].
III. RESULTS
A. Critical Current Density and Quality Index Variation for
Deformed Samples
The impact on critical current density (Jc) as function of
deformation is very similar for the two wires. A typical
curve of relative Jc (defined as Jc normalized to the Jc of
the reference sample, Jc ref ) versus deformation at 4.3 K is
presented in Fig. 3 for wire B. The dependence of relative Jc
on the applied magnetic field is presented in Fig. 4 for wire
A, 1.9 K. Jc variations for the two samples are comparable
within 2% for given deformation, temperature and magnetic
field. Jc in flattened wires depends strongly on the orientation
of the wire and on the external magnetic field value:
- for perpendicular orientation the critical current density
decreases with the increase of absolute value of deforma-
tion, reaching Jc degradation of up to 55% as compared
to reference wire (wire B, def = −0.62, 4.3 K, 10 T, see
Fig. 3). For this orientation and for given deformation and
temperature the relative Jc decreases with the increase of
the applied magnetic field (see Fig. 4).
- for the parallel orientation we can observe an increase
of Jc with the increase of the deformation of up to
∼ 29% (wire B, def = 0.62, 4.3 K, 10 T, see Fig.
3). Regarding the dependence on the magnetic field, at
least for high deformations (def =∼ 0.6), the increase
in critical current density is higher for higher magnetic
fields (see Fig. 4).
The dependence of Jc on the deformation is correlated to the
variation of pinning center density along the direction per-
pendicular to the applied magnetic field, in the deformed fila-






















Fig. 3. Relative Jc versus deformation for different values of external



















Fig. 4. Relative Jc versus applied magnetic field for different values of
deformation (in the legend). Samples A, 1.9K.
orientation, and to decrease in perpendicular orientation. For
further explanations see [4], [5], [9] and [10]. Regarding the
dependence on applied magnetic field, it is worth mentioning
that the fluxoid lattice becomes denser when increasing the
magnetic field. As a consequence higher magnetic field would
need higher pinning center density. When a deformation is
applied, the pinning center spacing varies, either increasing
or decreasing, depending on the orientation considered. If
this variation is small as compared to average spacing of the
fluxoid lattice, the deformation effect is not expected to be
substantial. However, when increasing the magnetic field, the
pinning center spacing variation can become more comparable
to fluxoid spacing. This could be because the critical current
density seems to be more influenced by deformation at high
external magnetic fields, this being true for both orientations.
Concerning n-values it is possible to observe a general trend
(Fig. 5 and 6) although the relative errors for n are higher than
for Jc (∼ 6% versus ∼ 1%). n-value changes with deformation
and with external applied magnetic field. However, while Jc
decreases for negative deformations but increases for positive
ones, the n-value, as compared to reference sample value,
decreases for both orientations, even if not symmetrically.
The decrease for both parallel and perpendicular orientations
can be explained by considering that the n-value represents
an indicator of the uniformity of the critical current among
the various filaments [11]. If all the filaments have quite
similar critical currents the n-value will be high, as it is in
the non deformed wire (∼ 60 at 4.3 K, 6 T). Otherwise there























Fig. 5. Relative n-value versus deformation for different values of external



















Fig. 6. Relative n-value versus external magnetic field for different degrees
of deformation (in the legend). Samples A, 4.3K.
through copper and a decrease of the n-value. In a deformed
wire the non-uniformity of filament critical current occurs
either in parallel and in perpendicular orientation. In case of
perpendicular orientation the maximum deformation effect on
Jc is larger, therefore there is larger spread of Jc values among
different filaments: as a consequence the n-value degradation
is higher. It appears also that the deformation effect of n-
value depends on external magnetic field, at least for negative
deformation. The n-value degradation is indeed higher for
lower magnetic fields. This effect is currently not completely
understood.
B. Preliminary Magnetization Measurements
Magnetization measurements, which are known to be very
sensitive to filament shape [7] were performed on a sample of
strand type A in two cases: 0.58 deformed and non deformed
samples. The magnetization curve of the deformed sample was
measured at both 4.3 and 1.9 K, for the parallel orientation (see
Fig. 2). A systematic decrease of the magnetization hysteresis
width was observed for the deformed sample as compared to
the reference one. This decrease is about 3% for an applied
magnetic field of 0.2− 0.8 T.
Although the Jc of the deformed strand was not directly
measured at fields lower than 3 T, in parallel orientation
one can expect, by extrapolating the data presented above,
that Jc for deformed wire in 0 − 1 T field range should be
higher than that of non-deformed  strand by  very few percent.
So the magnetization decrease due to deformation cannot be
explained by Jc variation. Filament shape factor is probably the
reason for the mentioned effect. Indeed, due to the flattening,
most of the deformed filaments are elongated in the direction
parallel to the broad face, i.e. parallel to the applied magnetic
field in this case. Satiramatekul et al. [12] modelled the effect
of an elliptical filament shape on magnetization. They found
that an elliptical filament with the major axis parallel to
the magnetic field has a magnetization value smaller than a
circular filament with the same cross section area. Therefore
our results are consistent, at least qualitatively, with the work
of these authors. Further investigations on magnetization of
deformed samples are currently under way at CERN.
C. Comparison with Wires Extracted from Cables
In order to quantify the deformation of the filaments and to
compare the amount of deformation of wires extracted from
LHC cables and of flat-rolled wires, we used metallographic
preparations of strand cross sections. Fig. 7 presents a mag-
Fig. 7. High-magnification cross-section picture, 0.58 deformed wire A.
nification of the cross section of a 0.58 deformed wire A
in which it is possible to see clearly the effect of the flat
rolling on the internal filaments. Different colors have been
super-impressed on filament images by a program of image
analysis (ANALYSIS TM ), which detected and classified the
filament sections in function of the regularity of their shape.
More precisely, the parameter used in this work is the aspect
ratio1 (AR). In Table III, the results of geometrical analysis
TABLE III
MEASUREMENTS OF FILAMENT GEOMETRICAL CHARACTERISTICS.
A B
Def. AR: max AR: FWHM Def. AR: max AR: FWHM
0.00 1.18 0.22 0.00 1.24 0.32
0.22 1.34 0.48 0.25 1.18 0.26
0.45 1.58 0.68 0.50 1.54 0.94
0.58 1.68 1.18 0.62 1.70 1.32
Extr. 1.46 0.58 Extr. 1.32 0.62
made on several cross sections for non deformed, deformed
and extracted wires are presented for strands A and B. For
each amount of deformation we considered the maximum and
1defined as the ratio between the maximum and the minimum distance
between any two parallel lines containing entirely the filament cross section
>TUA02PO04< 4
the full width at half maximum (FWHM) of the distribution
of filament aspect ratio. The values for extracted wires refer to
cross sections cut along bending points (i.e. compacted edges).
With a linear interpolation of the results in Table III for
flattened wires, an “equivalent deformation” for the bending
points of extracted wires can be found. The equivalent defor-
mation for extracted wire A is 0.335± 0.015, while for wire
B it is 0.365± 0.015.
In wires extracted from LHC cables only ∼ 10% of the total
length is really deformed. Thus, when trying to evaluate the
critical current of extracted wires, the contributions from both
deformed and non deformed parts must be taken into account.
Moreover for deformed parts the critical current variation does
not depend only on deformation, but also on wire orientation
in respect to external magnetic field. The voltage drop along
an extracted sample is then the sum of all the voltage drops,
due to the variable deformations and orientations along the
wire. Using the canonic n-power law for the voltage-current
relation at transition in a superconductor and calling α the
relative deformed length in an extracted wire, the resistivity






·a1 ·In1−1+α2 ·a2 ·I
n2−1+(1−α)·a3 ·In3−1 (2)
where ρ¯ is the critical criterion resistivity (i.e. 10−14 Ω ·m),
ltot is the distance between voltage taps and S is the extracted
wire cross section, considered uniform along the whole length.
The index i = 1, 2, 3 refers, respectively, to compacted parts in
parallel position, perpendicular position, and to non deformed
parts. The parameters ai and ni are experimentally determined,
deduced in our case from the Ic measurements performed on
non deformed and flat-rolled samples. The factor α in our
case is 0.1 and, since in a cable the bending point has random
orientation with respect to the magnetic field, it is assumed
that half of the deformed length is flattened in a direction
perpendicular to the magnetic field and half in the direction
parallel to the magnetic field.
TABLE IV







A 0.335± 0.010 1.9÷ 2.5% 2.8± 0.5%
B 0.365± 0.015 2.5÷ 3.6% 2.2± 0.7%
We solved equation (2) numerically for the three deforma-
tions of flattened wires. In this way, a critical current degrada-
tion is estimated for an extracted wire whose compacted part
is approximated by the various flat deformation levels. The Ic
degradation of the extracted strands from both types are then
linearly interpolated on the basis of the equivalent deformation
previously evaluated (Table III). Results are presented in
Table IV for T = 4.3 K, µ0H = 6÷8 T. Comparison between
calculated and measured degradation values is not trivial.
Indeed measured values presented for extracted samples do not
refer to the same spool from which flat rolling samples were
taken. These are the averages of measurements performed
by strands A and B suppliers along 5 years of production.
Nevertheless the model values are in a quite good agreement
with the experimental data (see Table IV).
IV. CONCLUSION
Various analysis have been performed on two types of
LHC wires. The Jc measurements show a strong anisotropy
in respect to the different wire orientations: a Jc degradation
of up to 55%, in comparison to non deformed wires, was
found for heavily deformed samples in perpendicular position,
while a Jc increase of up to +29% was observed for parallel
orientations. The dependence of Jc on applied magnetic field
and the variations of the n-value with the deformation have
been also presented. The results of these measurements have
been correlated with the variation of pinning center density in
deformed filaments.
Extensive studies of the wire internal structure, for all the
deformation levels, have been done: the results of these
measurements allowed us to compare flat-rolled samples to
wires extracted from Rutherford cables. A good correlation
between measured critical current degradation in extracted
wires (∼ 2.5%) and the equivalent flat-rolled (def ∼0.33)
degradation was found. This result is remarkable since the
deformation occurring during cabling is a more complex
deformation, performed with two pairs of rollers and implying
a bending of the wire.
Some magnetization hysteresis curves have been measured for
the highest deformation in parallel orientation, and the results
are qualitatively consistent with the model of Saritamatekul et
al. [12] on magnetization for elliptical filaments. Additional
investigations on deformation impact on magnetization are
currently under way at CERN.
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